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Abstract 
 
 
 
With heavy oil accounting for more than double the resources of conventional oil in the world 
(Schlumberger, 2010), in-situ combustion is regarded as one of the most promising enhanced oil recovery 
methods due to its ability to recover immobile oil and simultaneously transform it into lighter 
components. Nevertheless, its application is seen as a high-risk process primarily because of the vast 
number of uncertainties associated and its sensitivity to many thermal properties of the reservoir (Moore 
et al, 1990). Therefore, an in-depth in-situ combustion study needs to be conducted to assess the 
feasibility and compatibility of the process. Reservoir simulation has been the key tool to reaching such 
purpose. Current developments in reservoir simulation (ECLIPSE, 2010) have brought advancement in 
thermal simulations as tighter numerical convergence can now be reached and therefore provide better 
and more reliable results. 
 
In this study, a homogenous heavy oil reservoir was represented by a 5.974 ft x 0.29 ft x 0.29 ft 
horizontal combustion tube with an injection and a producing well, each located at the ends of the tube. 
One end of the tube was heated to activate the combustion reactions. Air, containing only oxygen and 
nitrogen, was injected into the combustion tube to let the reactions propagate as heavy oil was being 
recovered. The combustion tube was modelled in one-, two-, and three-dimensions, each with a variation 
of total number of grid blocks. The objective of the one-dimensional modelling was to find the optimum 
grid block thickness. Two-dimensional models were created to investigate gravity and segregation effect 
and limited investigation towards real-life field-scale simulation was conducted through three-
dimensional models. Variables such as pressure, temperature, composition, saturation, and cumulative 
fluid production were compared and analysed. The report discusses the effects of grid block sizes on peak 
temperature, reaction rates, and overall oil recovery prediction. Discussion of oscillatory behaviour in 
reaction rates as an effect of coarse-grid combustion simulation is presented.  
 
This study finds that grid block dimension plays large role in predicting the stability of the oxidation 
reaction and capturing the physical features of the process. It also proposes that two-dimensional models 
are sufficient to simulate a combustion tube experiment as three-dimensional models do not give any 
significant discrepancy in the simulation results. Additionally, this study also provides insights into future 
development of thermal simulators as the effects of simulation grid block size go beyond numerical 
dispersion. This work should be regarded as one of the first steps towards greater understanding of in-situ 
combustion simulation. Several recommendations for further studies are also proposed.  
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Abstract 
With heavy oil accounting for more than double the resources of conventional oil in the world
*
, in-situ combustion is regarded 
as one of the most promising enhanced oil recovery methods due to its ability to recover immobile oil and simultaneously 
transform it into lighter components. Nevertheless, its application is seen as a high-risk process primarily because of the vast 
number of uncertainties associated and its sensitivity to many thermal properties of the reservoir (Moore et al, 1990). 
Therefore, an in-depth in-situ combustion study needs to be conducted to assess the feasibility and compatibility of the 
process. Reservoir simulation has been the key tool to reaching such purpose. Current developments in reservoir simulation 
(ECLIPSE, 2010) have brought advancement in thermal simulations as tighter numerical convergence can now be reached and 
therefore provide better and more reliable results. 
In this study, a homogenous heavy oil reservoir was represented by a 5.974 ft x 0.29 ft x 0.29 ft horizontal combustion tube 
with an injection and a producing well, each located at the ends of the tube. One end of the tube was heated to activate the 
combustion reactions. Air, containing only oxygen and nitrogen, was injected into the combustion tube to let the reactions 
propagate as heavy oil was being recovered. The combustion tube was modelled in one-, two-, and three-dimensions, each 
with a variation of total number of grid blocks. The objective of the one-dimensional modelling was to find the optimum grid 
block thickness. Two-dimensional models were created to investigate gravity and segregation effect and limited investigation 
towards real-life field-scale simulation was conducted through three-dimensional models. Variables such as pressure, 
temperature, composition, saturation, and cumulative fluid production were compared and analysed. The report discusses the 
effects of grid block sizes on peak temperature, reaction rates, and overall oil recovery prediction. Discussion of oscillatory 
behaviour in reaction rates as an effect of coarse-grid combustion simulation is presented.  
This study finds that grid block dimension plays large role in predicting the stability of the oxidation reaction and capturing 
the physical features of the process. It also proposes that two-dimensional models are sufficient to simulate a combustion tube 
experiment as three-dimensional models do not give any significant discrepancy in the simulation results. Additionally, this 
study also provides insights into future development of thermal simulators as the effects of simulation grid block size go 
beyond numerical dispersion. This work should be regarded as one of the first steps towards greater understanding of in-situ 
combustion simulation. Several recommendations for further studies are also proposed.    
 
Introduction 
Background Theory. In-situ combustion, also known as fire-flooding, is a thermal enhanced oil recovery technique involving 
oxygen or air injection into reservoir and oxidation of oil contained therein (Kumar, 1987). The reservoir is conditioned to 
reach its auto-ignition temperature and initial ignition occurs near the injection well. This combustion causes oil to transform 
into lighter components and coke (Greaves, 2000). Coke, formed ahead of the combustion front, is then oxidised by the 
injected oxygen. Heat generated from this combustion propagates the oxidation reactions and continues the sequence. The 
combustion front, a narrow interface between oil and injected air, displaces fluids encountered and travels towards the 
producing well at a speed governed by the injection rate and the amount of oil that is being burnt. A certain proportion of the 
heat is transmitted to the overlying and underlying formations and may be considered lost for practical purposes. In order to 
maintain the combustion front, the heat generation rate, which is proportional to the velocity of the front, should be able to 
overcome the heat loss to the surrounding formation; otherwise the combustion front will disappear (Farouq Ali et al, 1997). 
In-situ combustion may be used for primary-, secondary-, or tertiary-recovery process (Chu, 1983). 
There are two types of in-situ combustion based on whether water is being injected along with or following the air 
injection, namely dry and wet combustion. Both variations have the potential of increasing the rate of recovery although wet 
combustion may be preferable in many cases (Kumar et al, 1987). Wet combustion improves the efficiency of the process by 
recovering some of the heat left behind the combustion front hence reducing the volume of air to be injected. However, it may 
not be suitable in some reservoirs as it may cause formation plugging (Dietz, 1970). 
________________ 
* Schlumberger: “Heavy Oil, Understanding Heavy Oil,” http://www.slb.com/services/industry_challenges/heavy_oil.aspx 
2 Investigation of Grid Block Size Effects in In-Situ Combustion Simulation 
Based on the direction of the combustion front, there are two variations of in-situ combustion, namely forward and reverse 
combustion. In reverse combustion, ignition occurs near the producing well and the direction of the front is opposite to that of 
air. Ignition in forward combustion, however, occurs near the injection well and the front travels in the direction of air. Unlike 
forward combustion, the combustion front in reverse combustion will travel towards the injection well, in the direction of 
increasing oxygen concentration. The fluids displaced traverse the front and are then produced through the production well. In 
reverse combustion, the combustion front does not consume all heavy oil on its path. Produced fluids are also much lighter and 
have much lower viscosity than the oil originally in place as they are subjected to very high temperature of the front, being 
1000 – 1400 °F (Moore et al, 1996). However, reverse combustion has not been successful in field tests because of 
spontaneous ignition occurring near the injection well which initiates a forward combustion drive and cuts off the oxygen 
supply to the reverse combustion front. 
 
The Grid Size Problem. Reservoir simulation has been the key tool to predicting the performance of a reservoir. Due to data 
availability, engineering constraints, and limited computing resources, reservoir simulation models are often approximated by 
the upscaling of the fine-grid geological model to a coarse-grid model (Sablok et al, 2005). It is been long understood that this 
practice introduces errors such as numerical dispersion and loss in detail. 
Numerical dispersion can cause serious difficulties in simulating the movement of a sharp saturation front. In in-situ 
combustion simulation, the error is more complex and amplified due to the existence of a combustion front which also acts as 
a sharp composition front. Among many parameters that control dispersion and mixing problems, grid block size is one of the 
most important. It is usually recognised that smaller grid block size will cause smaller dispersion and mixing error. In field-
scale simulations, the size of grid block is normally in the order of meters or tens of meters, which is significantly larger than 
the width of the front. Camy and Emanuel (1977) presented several phenomena that occur as the effect of grid block sizes, 
some of them being (1) numerical dispersion and (2) non-linear dependence of saturation and total mobility. 
 
Numerical dispersion. In a compositional finite-difference simulator, dispersion affects both saturation and composition. With 
the combustion front being very thin compared to the grid block, major dispersion of saturation and composition will occur. In 
in-situ combustion simulation, this inaccuracy becomes more complicated as the front is the site where the reactions occur. As 
a result, large grid block size will cause the site to be as large and this will cause all the subsequent physical features of in-situ 
combustion not to be simulated properly (Anis et al, 1983). Consequently, models do not yield exact distributions of pressure, 
temperature, and other desired reservoir state variables. This study found that this phenomenon also causes oscillatory 
behaviour in reaction rates. 
 
Non-linear dependence of saturation and total mobility. This phenomenon was explained in detail by Camy and Emanuel 
(1977) and is shown in Figure 1 and Figure 2. When a fluid displacement is represented by a sharp front, the mobility of each 
side of the front will be calculated from relative permeabilities near the high ends of the kr curves, indicating the extreme 
saturations. In a coarser grid block, a single mobility is calculated from the averaged saturations and the kr values may be 
picked near the minimum of the curves and therefore result in a much higher resistance to flow. In in-situ combustion 
simulation, this will result in more time for the combustion front to propagate, lower peak temperature, and lower fluid 
production rate. However, this dependence is also influenced by other parameters such as timestep size and number of 
iterations between pressure and flash solution. 
 
 
 
 
 
 
 
 
 
 
 
 
Kinetic Models. Due to the chemical complexity of in-situ combustion, the mechanism is usually represented by three or more 
chemical reactions. In addition, pseudo-components are often introduced to match the characteristics of heavy oil available for 
combustion tests. Many authors have published different kinetic models for in-situ combustion since 1980. Coats et al (1980) 
represented the mechanism in three reactions, all of which are third-order oxidation reactions, involving three types of 
hydrocarbons, namely C32-47, C20, and C6-12. Crookston et al (1977) explained the mechanism in four reactions, consisting of 
three second-order oxidation reactions and one first-order oil-cracking reaction. He also introduced three pseudo-components 
representing heavy-oil components, light-oil components, and coke. Belgrave et al (1993) represented the mechanism in six 
reactions, consisting of three oxidation reactions and three oil-cracking reactions. The mechanism involves maltenes, 
asphaltenes, and coke.  
Figure 1: Total mobility for a sharp front in gas flooding Figure 2: Total mobility for a mixed zone in gas flooding 
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In spite of the different names of hydrocarbons and numbers of reactions, all the authors agreed on the idea that in-situ 
combustion involves heavy oil, light oil, coke, and the oxidation of those hydrocarbons. Other kinetic models were published 
by Grabowski et al (1981), Le Thiez et al (1990), Tingas et al (1996), Jia et al (2006), and Sequera et al (2010).  
 
Methodology 
This study investigates the grid block size effects in in-situ combustion simulation through combustion tube modelling. A 
synthetic base case was provided and variation of number of grid blocks was conducted. Modified Crookston’s reaction set 
was used as the kinetic model. This study was started with one-dimensional combustion tube modelling to find the optimum 
grid block thickness. Two-dimensional models were created to investigate gravity segregation effect. Investigation towards 
real-life field-scale simulation was conducted through three-dimensional models. All simulations were built in ECLIPSE 
2010.1 and run in a HP 512 CPU Nehalem-based cluster with four processor cores running concurrently. 
Simulation Description 
Data Description. The combustion tube was 5.974 ft long, 0.29 ft wide, and 0.29 ft thick. The rock compressibility was 
3.402x10
-6
 1/psi and the porosity was 35%. The initial reservoir conditions were 970 psia and 122 °F. The rock thermal 
conductivity was 20 Btu/ft-day-°F and the heat capacity was 20 Btu/cuft-°F. Absolute permeabilities for the X, Y, and Z 
directions were 30,000 md; 30,000 md; and 3,000 md, respectively. The viscosities of the oil, gas, and water were functions of 
temperature and ranging from 0.089 – 3300 cP, 0.015 – 0.072 cP, and 0.015 – 1.548 cP, respectively. Viscosity values were 
for temperatures ranging from 40 – 3000 °F. Viscosity and relative permeabilities data were taken from laboratory 
experiments. In this study, one 1D model was extended in the X-direction, resulting in a 76.862 ft-long combustion tube. The 
detailed physical parameters of the combustion tube can be seen in Table 1. 
To capture gravity and segregation effects in 2D and 3D models, the combustion tube was laid horizontally with an 
injection well at one end and a producing well at the other end. The size of grid blocks at each end was kept constant in X- and 
Y-direction across simulation runs in order to keep the boundary conditions and the distance between the wells the same. 
There were four grid blocks next to the injection well where heat injection was simulated and likewise, their sizes were also 
kept constant in X- and Y-direction. As a result, there were a total of 6 grid blocks kept constant in size, being 0.058 ft x 0.29 
ft, in X- and Y-direction respectively. Therefore, only 5.626 ft of the combustion tube was represented by different numbers of 
grid blocks across simulation runs. The number of vertical layers was varied in 2D-study and the number of lateral layers was 
varied in 3D-study. A detailed description of the grid sizes and number of grid block used are given in Table 2. In this study, 
the 103 x 1 x 1 model was chosen as the base case. 
Crude oil was represented by three pseudo-components: HO, LO, and coke, representing the heavy-oil, light-oil, and coke 
components of the crude oil, respectively. In the simulation, the crude oil initially consisted of 100% of the heavy-oil 
components. The system was represented by six components, namely HO, LO, coke, oxygen, carbon dioxide, and nitrogen. 
The initial saturations of oil, gas, and water were 60.8%, 23.1%, and 16.1%, respectively. The gas initially consisted of 100% 
nitrogen because it was assumed that nitrogen had been injected into the combustion tube before the simulation started.  The 
molecular weights of HO, LO, and coke were 562 lb/lb-mol, 268 lb/lb-mol, and 13 lb/lb-mol, respectively. 
 
Table 1: Combustion Tube Physical Parameters 
X 5.974 ft  k 20 Btu/ft-day-°F  Soi 60.8%  μo 0.089 – 3300 cP 
Y 0.29 ft  Cp 20 Btu/cuft-°F  Sgi 23.1%  μg 0.015 – 0.072 cP 
Z 0.29 ft  Cf 3.402 x 10
-6
 1/psi  Swi 16.1%  μw 0.015 – 1.548 cP 
   φ 35%       
Pi 970 psia     Swc 15.2%  MWHO 562 lb/lb-mol 
Ti 122 ◦F  kx 30,000 md  Swcr 30%  MWLO 268 lb/lb-mol 
BHPp 500 psia  ky 30,000 md  Sor 5%  MWcoke 13 lb/lb-mol 
Air Inj. 0.17 Mscf/D  kz 3,000 md  Sgc 23%  STOIIP 0.019 STB 
 
In this study, the kinetic model was based on the Crookston’s model that had been optimised with history-matching data 
and combustion experiments in Schlumberger Technology Centres. In comparison to the original Crookston’s model, the 
kinetic model in this study used a lower activation energy value and a higher Arrhenius constant for the heavy-oil cracking 
reaction. Modifications in the heat of reaction values in all four reactions were also made. To satisfy the material and molecule 
balance, reaction coefficients in the heavy-oil oxidation reaction were also modified. In this study, only dry combustion was 
modelled due to time constraints. 
Four reactions were assumed to occur: (1) heavy-oil cracking, (2) heavy-oil oxidation, (3) light-oil oxidation, and (4) coke 
oxidation. The rates of the reactions were functions of hydrocarbon concentration and partial pressure of oxygen. Arrhenius 
rate constants, activation energies, and heat of reaction for each reaction are given in Table 3. 
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The simulated time for most models was 24 hours. The extended model, however, was simulated for 240 hours. In order to 
start the simulation, heat was injected at a total rate of 5,000 Btu/D from t = 2.4 hours to t = 12 hours to raise the grid block 
temperatures near the injection well grid. Dry air containing 80% of nitrogen and 20% of oxygen was injected at a rate of 0.17 
Mscf/D, starting from t = 2.4 hours until the end of the simulation. Air was injected at such rate so that the initial oil in place, 
being approximately 0.019 STB, could be completely recovered at t = 24 hours in the base case. Air injection rate at the 
injection well was kept constant across simulation runs. Bottomhole pressure was controlled at 500 psia at the producing well. 
 
Table 2: Grid Dimensions for 1D, 2D and 3D Simulations 
Dimension 
Injector In-between Producer 
∆y (ft) ∆z (ft) 
   
Dimension 
Injector In-between Producer 
∆y (ft) ∆z (ft) 
n ∆x (ft) n ∆x (ft) n ∆x (ft)  n ∆x (ft) n ∆x (ft) n ∆x (ft) 
1D Model  2D Model 
11 x 1 x 1 1 + 4 0.058 5 1.125 1 0.058 0.29 0.29  103 x 1 x 2 1 + 4 0.058 497 0.058 1 0.058 0.29 0.145 
21 x 1 x 1 1 + 4 0.058 15 0.375 1 0.058 0.29 0.29  103 x 1 x 5 1 + 4 0.058 497 0.058 1 0.058 0.29 0.058 
33 x 1 x 1 1 + 4 0.058 27 0.209 1 0.058 0.29 0.29  103 x 1 x 10 1 + 4 0.058 497 0.058 1 0.058 0.29 0.029 
103 x 1 x 1 1 + 4 0.058 97 0.058 1 0.058 0.29 0.29  103 x 1 x 20 1 + 4 0.058 497 0.058 1 0.058 0.29 0.015 
503 x 1 x 1 1 + 4 0.058 497 0.011 1 0.058 0.29 0.29  103 x 1 x 50 1 + 4 0.058 497 0.058 1 0.058 0.29 0.006 
5003 x 1 x 1 1 + 4 0.058 4997 0.001 1 0.058 0.29 0.29  3D Model 
Extended 1D Model  103 x 5 x 10 1 + 4 0.058 497 0.058 1 0.058 0.058 0.029 
210 x 1 x 1 1 + 4 0.058 204 0.375 1 0.058 0.29 0.29  103 x 7 x 10 1 + 4 0.058 497 0.058 1 0.058 0.041 0.029 
 
Table 3: Reaction Constants and Coefficients 
Pseudo-components heavy oil (HO), light oil (LO), coke, O2, CO2, N2, H2O 
Reactions Equation Arrhenius Factor Activation Energy Heat of Reaction 
HO + 13.125 O2 → 14.5 CO2 + 17.25 H2O  1.0 x 10
6
 33,000 cal/gmol 2.49 x 10
6
 Btu/lbmol 
LO + 5 O2 → 6 CO2 + 8 H2O 1.0 x 10
6
 20,000 cal/gmol 6.77 x 10
5
 Btu/lbmol 
HO → 2 LO + 2.5 Coke 0.5 x 10
6
 22,000 cal/gmol 1.43 x 10
4
 Btu/lbmol 
Coke + 1.25 O2 → CO2 + 0.5 H2O 1.0 x 10
6
 23,400 cal/gmol 1.61 x 10
5
 Btu/lbmol 
 
Parameters Investigated. The results of interest in the 1D study were peak temperature, pressure, reaction rates, and 
cumulative fluid production (oil, gas, and water). These variables were compared across 1D runs and used as parameters in 
finding the optimum grid block thickness. The 2D study was aimed to investigate the effects of gravity and segregation. The 
results of interest were pressure, temperature, composition, and saturation profile in the vertical direction. The fluid profile in 
the lateral direction was the result of interest in the 3D study. Cumulative fluid production and oil recovery in the 1D, 2D, and 
3D study were also compared and investigated. 
 
1D-Study Result and Analysis 
Temperature Profile and Peak Temperature. Temperature profile versus distance at t = 0, 12, 15, 18, 21, and 24 hours for 
the 1D models with 11, 21, 103, and 503 grid blocks are shown in Figure 3.  
As generally understood in reservoir simulation practice, physical convergence can be achieved by using more grid blocks 
of decreasing dimensions. Figure 3a – 3d show that temperature profile converged in simulations with at least 103 grid blocks 
(∆x = 0.058 ft), showing a peak temperature being around 1250 °F. This is within a range of peak temperature published by 
Marjerrison et al (1992) and Moore et al (1996).  In coarse-grid simulations, the front was not propagated as smoothly and 
quickly as in simulations with fine grid blocks. This may be caused by the non-linear dependence of saturation and total 
mobility which caused the front to travel more slowly. Peak temperature in the coarse grid simulations was mispredicted and 
changing over time as the front was moving towards the producing well. The coarse models also failed to capture the abrupt 
spatial temperature difference because the thin combustion front was smeared over large grid blocks. This causes temperatures 
in those models took more time to rise. As seen in Figure 3a – 3d, reliable results were achieved with 103 grid blocks (∆x = 
0.058 ft) although more precise values were achieved with 503 grid blocks (∆x = 0.011 ft). 
Figure 4 shows the peak temperature for 240 hours of simulation in long the combustion tube. Peak combustion occurred at 
different locations and times in the extended model with 210 grid blocks. The peak temperature changed as it travelled towards 
the producing well despite the rock properties being homogenous. This can also be seen in the results shown in Figure 3a – 3c 
although it may not be as evident. In simulations using more than 503 grid blocks, this effect was barely noticeable. This 
phenomenon occurred as the consequence of oscillating reaction rates and is explained further in the Discussion section. 
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Pressure Profile. Pressure profile versus time for several distances in the 1D models with 11, 21, 33, and 103 grid blocks are 
shown in Figure 5a – 5c. L = 0.029 ft, 2.987 ft, and 5.945 ft are important locations in the combustion tube, namely the 
injection well, the centre-point of the combustion tube, and the producing well. 
Figure 5a – 5c show that pressure profiles were unstable in coarse-grid simulations. Figure 5a show the pressures being 
largely miscalculated as an effect of numerical dispersion. In Figure 5b, the pressures oscillated although they still followed 
the pressure trends in the fine-grid simulations. This phenomenon occurred as the consequence of oscillating reaction rates that 
happened in coarse-grid simulations. As the bottom-hole pressure of the producing well was set at 500 psia and air was 
injected through the injection well at a constant rate of 0.17 Mscf/D, any pressure change along the combustion tube must be a 
sign of occurring reactions. If we compare the pressure profiles in Figure 5b and Figure 5c, we can see that the oscillations are 
grid-size dependent. This is further explained in the Discussion section. In this study, a reasonable result in pressure profiles 
was achieved with simulation using 103 grid blocks (∆x = 0.058 ft) as shown in Figure 5c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3a: Temperature vs. distance 
(11 x 1 x 1) ∆x = 1.125 ft 
 
Figure 3b: Temperature vs. distance 
(21 x 1 x 1) ∆x = 0.375 ft 
 
Figure 3c: Temperature vs. distance 
(103 x 1 x 1) ∆x = 0.058 ft 
 
Figure 3d: Temperature vs. distance 
(503 x 1 x 1) ∆x = 0.011 ft 
 
Figure 4: Temperature vs. distance 
(210 x 1 x 1) ∆x = 0.375 ft 
Figure 5a: Pressure vs. time 
(11 x 1 x 1) ∆x = 1.125 ft 
 
Figure 5b: Pressure vs. time 
(21 x 1 x 1) ∆x = 0.375 ft 
 
Figure 5c: Pressure vs. time 
(103 x 1 x 1) ∆x = 0.058 ft 
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Reaction Rates. Figure 6a – 6f show profiles of reaction rates versus time for simulation models with 11, 21, 33, 103, 503, 
and 5003 grid blocks. Heavy oil cracking, having the lowest activation energy, started to occur ahead of the other three 
reactions and formed light-oil components and coke. The energy required to activate this process was provided by the heat 
injected from t = 2.4 hours to t = 12 hours. Afterwards, light-oil and coke oxidation reactions started to take place and 
continued until all the produced light-oil components and coke have been consumed. Heavy-oil oxidation reaction did not 
show any significance in the simulation, which was caused by the high activation energy requirement. 
Oscillatory behaviour can be seen in Figure 6a – 6f although it is not as evident in Figure 6f, which is the profile of the 
reaction rates in a fine-grid simulation. The amplitude of the oscillation was larger in coarse-grid simulations and the 
frequency was less. As we went towards fine-grid simulations, the amplitude got smaller and the frequency became higher. 
This phenomenon occurred because a higher amount of oxygen was being consumed at a simulation timestep. The grid block 
was too large hence the combustion front was not captured accurately. This is further explained in the Discussion section. 
A number of oscillations with low amplitudes can still be seen in Figure 6f, which corresponds to the model with 5003 grid 
blocks. It shows that the thickness of the combustion front in these models is less than 0.001 ft (0.343 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4 shows the average rates of each reaction from t = 12 hours to t = 21 hours in different 1D models. Heat was no 
longer injected during this period and oil was still being produced in all simulation models. Heavy-oil oxidation rates increased 
in fine-grid simulations although they were still insignificant compared to the other reactions. Other reactions rates generally 
decreased in fine-grid models although they did not vary by much in models having more than 103 grid blocks. 
 
Table 4: Average Reaction Rates from t = 12 – 21 hours 
Reaction 
Average Reaction Rates (lb-mol/D) 
11 x 1 x 1 21 x 1 x 1 33 x 1 x 1 103 x 1 x 1 503 x 1 x 1 5003 x 1 x 1 
Heavy-oil oxidation 1.14 x 10
-5
 2.78 x 10
-5
 2.51 x 10
-5
 6.29 x 10
-5
 2.81 x 10
-4
 2.43 x 10
-4
 
Light-oil oxidation 1.33 x 10
-2
 1.36 x 10
-2
 1.34 x 10
-2
 1.32 x 10
-2
 1.29 x 10
-2
 1.29 x 10
-2
 
Heavy-oil cracking 7.13 x 10
-3
 6.79 x 10
-3
 6.56 x 10
-3
 6.53 x 10
-3
 6.32 x 10
-3
 6.38 x 10
-3
 
Coke oxidation 1.74 x 10
-2
 1.53 x 10
-2
 1.63 x 10
-2
 1.69 x 10
-2
 1.60 x 10
-2
 1.62 x 10
-2
 
Figure 6a: Reaction rates vs. time 
(11 x 1 x 1) ∆x = 1.125 ft 
Figure 6b: Reaction rates vs. time 
(21 x 1 x 1) ∆x = 0.375 ft 
Figure 6c: Reaction rates vs. time 
(33 x 1 x 1) ∆x = 0.208 ft 
Figure 6d: Reaction rates vs. time 
(103 x 1 x 1) ∆x = 0.058 ft 
Figure 6e: Reaction rates vs. time 
(503 x 1 x 1) ∆x = 0.011 ft 
Figure 6f: Reaction rates vs. time 
(5003 x 1 x 1) ∆x = 0.001 ft 
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Cumulative Fluid Productions. Although oscillatory behaviour happened in reaction rates, pressure, and peak temperature 
profile, it did not result in big discrepancies in cumulative fluid production, as shown in Figure 7, 8, and 9. However, 
simulation using coarser grids results in lower cumulative fluid production. Figure 7 and 9 show that 103 grid blocks (∆x = 
0.058 ft) was sufficient to provide reasonable cumulative oil production level. Simulations with 33 grid blocks (∆x = 0.208 ft) 
gave a slightly lower cumulative oil production and slightly higher cumulative water production whereas that with 11 grid 
blocks (∆x = 1.125 ft) gave large discrepancy in both oil and water production. Cumulative gas production rates were identical 
among the cases although the gas phase composition may differ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Optimum Grid Block Thickness. Figure 3a – 3d show a comparison of peak temperature across 1D-simulation runs. The 
peak temperature prediction varied by ± 100 °F in the simulation with 11 grid blocks (∆x = 1.125 ft) whereas a reasonably 
stable result was achieved with 103 grid blocks (∆x = 0.058 ft). Pressure profile was compared in Figure 5a – 5c. Unstable 
pressure profile was seen in the simulation with 11 grid blocks. Oscillatory pressure behaviour was seen in the model with 21 
grid blocks (∆x = 0.375 ft). Smooth pressure behaviour with a well-defined trend was seen in the model with 103 grid blocks. 
Figure 6a – 6f show a comparison of the reaction rates. The thickness of the combustion front was found to be less than 0.001 
ft (0.343 mm) as oscillations still occurred in the model having 5003 grid blocks (∆x = 0.001 ft). 
Figure 7 – 9 compare cumulative fluid productions across 1D-simulation runs and significant discrepancies only happened 
in the simulation using 11 grid blocks, with cumulative oil and water production being 23% and 3% lower than the simulation 
using 5003 grid blocks at t = 24 hours. Reasonable results were achieved with 103 grid blocks, giving 1% lower cumulative oil 
production and 1% higher cumulative water production. Considering the required CPU time and additional complexities when 
moving to 2D and 3D, the model having 103 grid blocks that gives 0.058 ft is regarded as the optimum case. 
 The detailed comparison of the 1D-simulation runs can be seen in Table 5, which shows the parameters considered in 
finding the optimum grid block thickness. Percentage values in the cumulative fluid productions are the difference between 
values in the model and values in the 5003 x 1 x 1 model. Recovery factors are the ratio of the cumulative oil production to the 
oil initially in place. 
 
Table 5: Cumulative Fluid Productions, CPU Time, and Recovery Factor at t = 24 hours 
Model 
Cumulative Oil Production Cumulative Gas Production Cumulative Water Production 
CPU Time 
Recovery 
Factor stb % Mscf % Stb % 
11 x 1 x 1 8.86 x 10
-3
 -23% 1.56 x 10
-1
 -1% 9.36 x 10
-3
 -3% 7 seconds 46% 
21 x 1 x 1 1.08 x 10
-2
 -6% 1.56 x 10
-1
 0% 1.01 x 10
-2
 +5% 8 seconds 57% 
33 x 1 x 1 1.12 x 10
-2
 -3% 1.56 x 10
-1
 0% 9.86 x 10
-3
 +2% 9 seconds 59% 
103 x 1 x 1 1.14 x 10
-2
 -1% 1.55 x 10
-1
 0% 9.70 x 10
-3
 +1% 57 seconds 60% 
503 x 1 x 1 1.15 x 10
-2
 0% 1.55 x 10
-1
 0% 9.67 x 10
-3
 0% 13 minutes 60% 
5003 x 1 x 1 1.15 x 10
-2
 - 1.55 x 10
-1
 - 9.65 x 10
-3
 - 13 hours 60% 
 
2D-Study Result and Analysis 
In the 2D-study, the base model, having 103 grid blocks in the X-direction, was refined in terms of vertical layering. The 
combustion tube model was divided into 2, 5, 10, 20, and 50 vertical layers. The resulting grid blocks dimension are 0.145 ft, 
0.058 ft, 0.029 ft, 0.0145 ft, and 0.0058 ft, in the Z-direction. Detailed specifications of the models are shown in Table 2. The 
injection and producing well were perforated at all grid blocks to keep this 2D-study relevant and comparable to the 1D-study.  
Figure 7: Cumulative oil 
production in 1D Models 
Figure 8: Cumulative gas 
production in 1D Models 
 
Figure 9: Cumulative water 
production in 1D Models 
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Pressure, Temperature, and Composition Profile. Figure 10 and Figure 11 show cross-sectional views of the combustion 
tube, with the X-direction being the abscissa and the Z-direction being the ordinate. Colours represent the pressure, 
temperature, and composition profile for the 2D simulation models at t = 15 hours. It can be seen that pressure and temperature 
in the 103 x 1 x 1 model were generally higher than those in the other models. Evident discrepancy is seen in the temperature 
of the combustion front which was around 1300 °F in the 103 x 1 x 1 model but 750 °F in the vertically-layered models. In the 
103 x 1 x 1 model, the average pressure of the combustion tube at t = 15 hours was 670 psia whereas it was 530 psia in the 
other models. Reactions with lower rates occurred in the vertically-layered models and this consequently caused lower rate of 
energy generation, shown by lower pressure and temperature. This happened because injected air, having relatively low 
density compared to heavy oil, moved towards the upper section of the combustion tube. This phenomenon caused the reaction 
components to behave differently. 
In the 103 x 1 x 1 model (∆z = 0.29 ft), as the combustion front travelled towards the producing well, coke and light-oil 
components were being produced ahead of the front as the results of the heavy oil cracking reaction. They became in contact 
with the oxygen behind, were oxidised, and caused the formation of CO2 and H2O. This was seen in the heavy-oil and light-oil 
liquid fraction profile in Figure 10 and also in the O2, CO2, and H2O vapour fraction profile in Figure 11. The oxidation of 
coke and light oil were the primary source of energy and enabled the combustion front to move towards the producing well, 
pushing the heavy-oil out. 
In a vertically-layered model in which solid, liquid, and gas were able to segregate, some components tended to accumulate 
in certain locations. In the 103 x 1 x 50 model (∆z = 0.006 ft), light-oil and coke, formed by the heavy-oil cracking reaction 
across the whole vertical section, accumulated at the bottom-left section of the tube. This happened as an effect of gravity and 
displacement force from the injection gas which travelled upward hence pushed the coke and light-oil downward. This is 
shown in the light-oil liquid fraction profile in Figure 10 and solid saturation profile in Figure 12. This spatial variation caused 
the oxidation of coke and light oil to occur only at the interface of the accumulation and the injected gas. This is shown by the 
high CO2 vapour fraction at the interface as shown in Figure 11. This explains the low peak temperature in vertically-layered 
models and why the combustion front travelled more slowly. 
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Figure 10: Pressure, temperature, and fraction profile in 2D models at t = 15 hours 
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Piston-like displacement is seen in the 103 x 1 x 1 model (∆z = 0.29 ft) but this is not apparent in models having more than 
one vertical layer. This happened because of the lack of injected air at the bottom section of the tube which prevented an 
effective oil displacement in the layered grids. This was shown by the profile of the O2 and N2 vapour fraction shown in Figure 
11. The O2 and N2 vapour fraction profile show that oxygen and nitrogen were being concentrated at the top-left section of the 
tube instead of fulfilling the whole vertical section. Additionally, the N2 vapour fraction profile shows that a very high amount 
of initial nitrogen was concentrated at the bottom-right of the tube as it was left intact and un-swept by the injected air. The O2 
vapour fraction profile shows that there was an accumulation of oxygen at the bottom-right section of the tube right above the 
high accumulation of nitrogen. The oxygen which was injected in the beginning of the simulation had reached the region near 
the producing well before the front appeared. Therefore, this oxygen was left unconsumed. This also occurred earlier in the 
simulations of the 103 x 1 x 1 model (∆z = 0.29 ft) although the unconsumed oxygen could not be seen anymore as it had been 
displaced and streamed into the producing well. 
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Figure 11: Fraction profile in 2D models at t = 15 hours 
 
 
Saturation Profile. Figure 12 shows cross-sectional views of the combustion tube with the colours representing the saturation 
profile of the 2D models. Oil and gas saturation profile show that some components in the reactions tended accumulate and 
segregate in certain locations of the tube, as mentioned in the previous section. If we compare the water saturation profile in 
Figure 12 and the H2O vapour fraction profile in Figure 11, we can see that H2O, which is apparent as water in its liquid phase 
and vapour in its gas phase, was situated at different locations. In the 103 x 1 x 1 model (∆z = 0.29 ft), H2O vapour was 
accumulated ahead of the combustion front and transformed into water at the same location. In the vertically-layered models, 
H2O vapour was accumulated at the bottom-left section of the tube. Water vapour was then conveyed by the flow of injected 
air and travelled upwards then condensed into liquid as the result of the low temperature of the surroundings. 
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Oil saturation Gas saturation Water saturation Solid saturation 
Figure 12: Saturation profile in 2D models at t = 15 hours 
 
Cumulative Fluid Production. Figure 13 – 15 show cumulative fluid productions in the 2D-study. Figure 13 and Figure 15 
show that acceptable results were achieved with simulation using 10 vertical layers (∆z = 0.029 ft). It can also be seen that the   
one-dimensional model was inaccurate in simulating in-situ combustion as big discrepancies occurred in cumulative oil and 
water productions. Compared to the 50-layer model (∆z = 0.006 ft), the cumulative oil and water productions in the 1-layer 
model (∆z = 0.29 ft) were 176% and 128% higher at t = 24 hours. The detailed comparison of the 2D-simulation runs can be 
seen in Table 6, which shows the parameters considered in finding the optimum numbers of vertical layers. Percentage values 
in the cumulative fluid productions are the difference between values in the model and values in the 103 x 1 x 50 model. 
Recovery factors are the ratio of the cumulative oil production to the oil initially in place. Inconsistencies occurred in the 103 x 
1 x 2 model. The cumulative fluid productions and the required CPU times did not follow the overall trends in the 2D-study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Cumulative oil 
production in 2D models 
Figure 14: Cumulative gas 
production in 2D models 
Figure 15: Cumulative water 
production in 2D models 
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Table 6: Cumulative Fluid Productions, CPU Time, and Recovery Factor in 2D Models at t = 24 hours 
Model 
Cumulative Oil Production Cumulative Gas Production Cumulative Water Production 
CPU Time 
Recovery 
Factor stb % Mscf % stb % 
103 x 1 x 1 1.14 x 10
-2
 +176% 1.55 x 10
-1
 0% 9.70 x 10
-3
 +128% 57 seconds 60% 
103 x 1 x 2 4.38 x 10
-3
 +6% 1.55 x 10
-1
 0% 3.68 x 10
-3
 -13% 23 seconds 23% 
103 x 1 x 5 5.24 x 10
-3
 +26% 1.55 x 10
-1
 0% 5.16 x 10
-3
 +21% 2 minutes 27% 
103 x 1 x 10 4.59 x 10
-3
 +11% 1.55 x 10
-1
 0% 4.65 x 10
-3
 +9% 28 minutes 24% 
103 x 1 x 20 4.37 x 10
-3
 +6% 1.55 x 10
-1
 0% 4.49 x 10
-3
 +6% 4 hours 23% 
103 x 1 x 50 4.14 x 10
-3
 - 1.55 x 10
-1
 - 4.25 x 10
-3
 - 3.6 days 22% 
 
3D-Study Result and Analysis 
A limited 3D-study was conducted to gather some insights towards real-life field-scale simulation. In the 3D-study, the 
combustion tube was divided into 103 layers in the X-direction and 10 layers in the Z-direction. In the Y-direction, the tube 
was divided into 5 layers (∆y = 0.058 ft) and 7 layers (∆y = 0.041 ft). Detailed specifications of the models are shown in Table 
2. Analogous to the 1D- and 2D-study, the injection and producing well were located at the centre grid blocks located at each 
end of the combustion tube. They were perforated at all grid blocks in the vertical direction. Figure 16 shows 3D views of the 
combustion tube representing gas saturation profile at t = 7.2 hrs, t = 14.4 hrs, and t = 21.6 hrs. 
 
 
t = 7.2 hours t = 14.4 hours  t = 21.6 hours  
1
0
3
 x
 1
 x
 1
0
 
   
1
0
3
 x
 5
 x
 1
0
 
   
1
0
3
 x
 7
 x
 1
0
 
   
 
   
Figure 16: Gas saturation profile in 3D models 
 
At t = 7.2 hours, air and heat were being injected into the combustion tube. In Figure 16, models having 5 and 7 layers in 
the Y-direction gave slightly different gas saturation profiles from the 2D model. More gas was located near the injection well, 
showing of a sign of radial flow, as was expected from a 3D model. However, at t = 14.4 hours, this effect was unnoticeable 
due to the limited dimension of the combustion tube in the Y-direction. 
Similar to the 2D-models, fluid segregation occurred within the combustion tube due to the different densities of fluids. 
Gas tended to move upwards and left the heavy oil at the bottom of the tube intact. As a result, a substantial amount of oxygen 
was being produced in the early times because the well was perforated at all grid blocks in the vertical direction. This natural 
behaviour of gas gives a useful insight when defining well perforation zone so that oxygen production can be minimised. 
In the 103 x 7 x 10 model (∆y = 0.041 ft), an apparent inconsistency was observed in the early stage of the simulation – see 
the gas saturation displayed in the circled area for the 103 x 7 x 10 model at t = 7.2 hours in Figure 16. This influenced the gas 
saturation profile at t = 14.4 hours and t = 21.6 hours. This occurrence did not happen in the 103 x 10 x 5 model (∆y = 0.058 
ft). This appeared to be a numerical issue although no convergence errors were reported in the simulation. We recommend 
further investigation using tighter convergence parameters. 
 
Cumulative Fluid Production. Figure 17 – 19 show cumulative fluid productions in the 3D-study. It can be seen that the 3D 
models did not give any significant discrepancy in the cumulative fluid productions compared to the 2D-model. Compared to 
the 3D model having 7 grid blocks in the Y-direction (∆y = 0.041 ft), the 2D model gave a 3% larger cumulative oil 
production and a 2% larger cumulative water production at t = 24 hours. The detailed comparison of the 3D-simulation runs 
can be seen in Table 7. Recovery factors are the ratio of the cumulative oil production to the oil initially in place. 
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Table 7: Cumulative Fluid Productions, CPU Time, and Recovery Factor in 3D Models at t = 24 hours 
Model Cumulative Oil Production Cumulative Gas Production Cumulative Water Production CPU Time Recovery 
Factor stb % Mscf % stb % seconds 
103 x 1 x 10 4.59 x 10
-3
 +3% 1.55 x 10
-1
 0% 4.65 x 10
-3
 +2% 28 minutes 24% 
103 x 5 x 10 4.56 x 10
-3
 +2% 1.55 x 10
-1
 0% 4.57 x 10
-3
 0% 5 hours 24% 
103 x 7 x 10 4.46 x 10
-3
 - 1.55 x 10
-1
 - 4.57 x 10
-3
 - 1.4 days 23% 
Discussion 
Oscillatory Behaviour in Reaction Rates. Oscillations in 
reaction rates are related to grid block sizing, as seen in Figure 
6. This may be due to variations of oxygen consumption level 
in different sizes of grid blocks
†
. The combustion front, which 
is the only interface in contact with the oil ahead, is the location 
where all the reactions occur. Only this front takes part in the 
reactions and the oxygen behind it does not react. In reservoir 
simulators, this combustion front is represented by one grid 
block. In a simulation with large grid blocks, all the oxygen 
injected into a grid block can oxidise the entire oil contained in 
the grid block and not just the oil located at the supposedly-
narrow front. This means that having large grid blocks means 
having large combustion fronts.  
This problem may be illustrated by contrasting a 1D 
combustion tube with small and large grid blocks as represented 
by Figure 20a and Figure 20e, respectively. The injection well 
is located at the left-end side of the tube and air is being 
injected at a sufficient rate to keep the combustion front moving 
to the right where the producing well is located. We assume that 
there is no oxygen initially in the tube and the combustion front 
is travelling at a constant speed in all cases.  
 
Fine model. This fine model is illustrated with Figure 20a – 
20c. We define the pore volume of a grid block as V. After a 
certain time t, the hydrocarbon in the volume V reacts with the 
oxygen contained in the injected air and the pore is then filled 
with air. We define the amount of oxygen that has been 
consumed by the reactions as Oc and the amount of oxygen that 
is now in the pore volume V as Ov.  The total volume of injected 
oxygen at a timestep is therefore Oc + Ov. After N timesteps, the 
combustion front has moved forward. This is shown in Figure 
20b. The total volume of injected oxygen at that time is N(Oc+ 
Ov). The amount of oxygen consumed by the reactions is N*Oc 
and the amount of oxygen filling the combustion tube is N*Ov. 
Figure 17: Cumulative oil 
production in 3D models 
Figure 18: Cumulative gas 
production in 3D models 
Figure 19: Cumulative water 
production in 3D models 
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↓                               ↑ 
Figure 20a: Fine-grid combustion tube model 
 
↓                               ↑ 
Figure 20b: Fine-grid combustion tube model showing the 
swept region after time t 
 
↓                               ↑ 
Figure 20c: Fine-grid combustion tube model showing the 
swept region after time N*t 
 
 
 
↓                               ↑ 
Figure 20d: Coarse-grid combustion tube model 
 
↓                               ↑ 
Figure 20e: Coarse-grid combustion tube model showing 
the swept region after time t 
 
↓                               ↑ 
Figure 20f: Coarse-grid combustion tube model showing 
the swept region after time N*t 
 
 
↓  Injection well    Un-swept region 
     ↑  Producing well    Swept region 
 
________________ 
† Personal communication with P. Naccache. 2010. Schlumberger Oilfield UK plc 
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Coarse model. The coarse model is illustrated with Figure 20d – 20f. As air is being injected at the same rate as in the fine 
model, after time t, the amount of oxygen being injected is Oc + Ov.  However, in contrast to the fine model, all this oxygen 
will have been consumed by the end of that timestep t because the pore volume of a coarse grid block is larger than V and 
hence more hydrocarbon is contained therein. Assuming that there is still enough hydrocarbon to burn in the grid block, an 
amount of oxygen, N(Oc + Ov), will have been consumed by the end of N timesteps. The reaction rate during these timesteps is 
therefore higher than it was in the fine-grid simulation. It continues to rise until there is no hydrocarbon left in the grid block to 
react with the injected oxygen. At that time, the reaction rate drops abruptly. When the combustion front moves to a new grid 
block, the reaction rate will rise again and the cycle continues thus causing the oscillatory behaviour. This explains why the 
amplitude of the oscillations is higher in coarse-grid simulations, why the frequency of oscillations is higher in fine-grid 
simulations, and the sudden drop of reaction rates. Reaction rates in the 1D-models can be seen in Figure 6. 
 
Possible solutions. Several methods were proposed to alleviate this problem, namely: (1) limiting the amount of oxygen that 
takes part in a reaction, and/or (2) limiting the resulting temperature to a maximum value. These methods were not 
investigated in this study and may need further research.  
The amount of oxygen taking part in a reaction in coarse-grid simulations could be set to a certain value to limit the 
oxidation reaction rate. A term representing the amount of oxygen needed at a timestep in an ideal fine-grid simulation could 
be introduced. The reaction rate equation should be modified to make it dependent on the concentration of the ‘dedicated’ 
oxygen instead of the total oxygen concentration available in the grid block. Additionally, the temperature of the oxidation 
reaction could be limited. This would keep the reaction rate down alongside with the oxygen limitation. 
 
General significance. In this study, the oscillatory behaviour of reaction rates did not highly impact the key result of the 
simulation, i.e. cumulative fluid production. Some grid-dependent discrepancies appeared in temperature profile, saturation 
profile, and fluid production rates but they were all within engineering limits. Factoring all the uncertainties associated in a 
field development program, all these become even less significant. Nevertheless, this finding proves that current reservoir 
simulation software is inadequate for detailed prediction of combustion reaction rates. There results may be useful in 
improving algorithm and calculation methods in thermal simulators in the future. 
 
Recommended Simulation Mode. This study finds that an in-situ 
combustion model should have an appropriately narrow grid block 
thickness in the principal flow direction to approximate the thin 
combustion front. This is important to estimate the reaction rates 
properly which in turn affect the cumulative fluid productions. 
However, an upscaling method is needed as it is clearly impractical 
to have narrow grid blocks in full-field simulation models.  
In this study, reasonable results were achieved with 103 grid 
blocks (∆x = 0.058 ft). Nevertheless, a 1D model is not sufficient to 
represent the overall process and vertical layering is important to 
capture the gravity segregation effect. A simulation using 10 vertical 
layers (∆z = 0.029 ft) was sufficient to capture this effect. This study 
also finds that a 3D model is not necessary in simulating a 
homogenous combustion tube experiment because similar results 
can be achieved with a 2D model. In addition to that, a 3D model is 
much more computationally expensive. Figure 21 shows the CPU 
times and recovery factors in the 1D, 2D, and 3D models. Recovery 
factors are the ratio of the cumulative oil production at t = 24 hours 
to the oil initially in place. 
 
Conclusions 
Investigations performed in this study have led to the following conclusions: 
1. In-situ combustion model should have an appropriately narrow grid block thickness in the principal flow direction to 
approximate the thin combustion front. 
2. Oscillatory behaviour of reaction rate occurred due to the thickness of the grid blocks being significantly larger than the 
thickness of the combustion front. This behaviour weakened in fine-grid simulations and became barely noticeable in the 
simulation with 5003 grid blocks (∆x = 0.001 ft). In a simulation with large grid blocks, all the oxygen injected into a 
grid block oxidised the entire oil contained in the grid block and not just the oil located at the supposedly-narrow 
combustion front. 
3. Reasonable combustion tube simulation results were achieved with simulations using 103 grid blocks in the X-direction 
(∆x = 0.058 ft) and 10 grid blocks in the Z-direction (∆z = 0.029 ft). Finer grid blocks are not recommended considering 
the significant CPU time required. 
1 100 10,000 1,000,000
11 x 1 x 1
21 x 1 x 1
33 x 1 x 1
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503 x 1 x 1
5003 x 1 x 1
103 x 1 x 2
103 x 1 x 5
103 x 1 x 10
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103 x 1 x 50
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RF = 22% 
RF = 23% 
RF = 24% 
RF = 27% 
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RF = 60% 
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RF = 57% 
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Figure 21: CPU times and recovery factors in 1D, 2D, and 
3D models 
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4. Two-dimensional models are sufficient in simulating a homogenous combustion tube experiment as three-dimensional 
models do not give any significant discrepancy in simulation parameters. 
5. Fluid segregation due to density difference occurs in in-situ combustion and causes high oxygen production and 
subsequently high oxygen requirement for gas injection. In real-life field operation, perforation management is highly 
recommended to minimise oxygen production. 
 
Recommendations for Further Research 
Several recommendations were proposed for further research and shown as follows: 
1. More research needs to be done to alleviate the oscillation problem. Limiting the amount of oxygen that takes part in a 
reaction and/or limiting the resulting temperature to a maximum value are feasible but they require developing an ideal 
fine-grid simulation model for comparison. This should be accompanied by further investigation of the burning process 
in actual combustion tube experiments, to improve numerical modelling of the physical phenomena. 
2. Simulations with tighter convergence factors are recommended for further in-situ combustion research. A research in 
defining the sensitivities of each convergence factors is also important to minimise the CPU time required and maximise 
the reliability of the simulation results. 
3. Further detailed studies are needed to identify the non-linear dependence of saturation and total mobility in in-situ 
combustion simulation and it should also incorporate some history-matching procedures in order to better reproduce an 
actual combustion tube experiment. 
4. The current study has not considered the effects of heterogeneity in the system. Further studies are recommended to 
investigate the effects. 
5. When moving from the laboratory-scale to a full-field model, simulation results need to be tested against real pilot 
studies. 
 
Nomenclature 
BHPp bottom hole pressure of producing well, psia Swcr critical water saturation 
Cf rock compressibility, 1/psi Swi initial water saturation 
Cp heat capacity, Btu/cuft-°F t time, hours 
HO heavy-oil components of crude oil Ti initial temperature, °F 
k thermal conductivity, Btu/ft-day-°F V pore volume 
kx permeability in the x-direction, md X combustion tube dimension in the x-direction, ft 
ky permeability in the y-direction, md Y combustion tube dimension in the y-direction, ft 
kz permeability in the z-direction, md Z combustion tube dimension in the z-direction, ft 
L distance, ft ∆x x-direction dimension of grid block, ft 
LO light-oil components of crude oil ∆y y-direction dimension of grid block, ft 
MWcoke molecular weight of coke ∆z z-direction dimension of grid block, ft 
MWLO molecular weight of light-oil components φ porosity 
MWHO molecular weight of heavy-oil components μo oil viscosity, cP 
N number of timesteps μg gas viscosity, cP 
Oc amount  of oxygen consumed by the reactions μw water viscosity, cP 
Ov amount of oxygen located in the pore volume V   
Pi initial pressure, psia   
STOIIP stock-tank oil initially in place, STB   
Sgc critical gas saturation   
Sgi initial gas saturation   
Soi initial oil saturation   
Sor residual oil saturation   
Swc connate water saturation   
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Appendix A: Critical Literature Review 
 
 
 
The following table lists the milestones in-situ combustion and some important developments in 
upscaling errors in flow simulation: 
 
SPE 
Paper 
Year Title Authors Contribution 
2518 1970 Wet Underground Combustion, 
State of the Art 
Dietz A concept of wet underground combustion and 
several constraints associated with the 
technology. 
6894 1977 Effect of Grid Size in the 
Compositional Simulation of CO2 
Injection 
Camy and 
Emanuel 
A method to reduce grid size sensitivities in 
compositional simulation by introducing 
pseudo-K values and pseudo relative 
permeabilities.  
8394 1980 In-Situ Combustion Model Coats A new numerical model for in-situ combustion, 
highlighting the versatility of the model for wet 
or dry, forward or reverse combustion in one, 
two, or three dimensions. 
9994 1983 Current In-situ Combustion 
Technology 
Chu A methodological review to show why 
combustion is to be chosen as primary, 
secondary, or tertiary recovery process. 
10764 1983 A Sensitivity Study on the Effect of 
Parameters on Results from an In-
Situ Combustion Simulator 
Anis, Hwang and 
Odeh 
An insight to the modelling of in-situ 
combustion by determining the most sensitive 
parameters of the simulation which have the 
maximum influence on the results. 
16027 1987 Simulation of Laboratory In-Situ 
Combustion Data and Effect of 
Process Variations 
Kumar An investigation and sensitivity analysis of 
different parameters in in-situ combustion 
simulation. 
16740 1990 New Insights into Enriched-Air In-
Situ Combustion 
Moore, Bennion, 
Belgrave, Gie 
and Ursenbach 
An insight into enriched-air in-situ combustion 
from conducting several combustion-tube 
experiments performed on core from 
Anthabasca oil sands deposit. 
24175 1992 A Procedure for Scaling Heavy-Oil 
Combustion Tube Results to a 
Field Model 
Marjerrison and 
Fassihi 
A new method of history-matching the results 
of a semi-adiabatic combustion tube 
experiment and scaling them to a form that can 
be used for field simulation. 
59334 2000 Recent Laboratory Results of THAI 
and its Comparison with Other IOR 
Processes 
Greaves, Xia, 
Turta and 
Ayasse 
A new method of in-situ combustion application 
(THAI: Toe-to-Heel Air Injection) which creates 
unique operating conditions in the reservoir 
that have special advantages for heavy oil 
recovery. 
93372 2005 Upscaling and Discretization Errors 
in Flow Simulation 
Sablok and Aziz An in-depth study of upscaling and 
discretization errors in reservoir simulation by 
finding prominent sources of errors and ways 
to mitigate them. 
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SPE 2518 (1970) 
Wet Underground Combustion, State of the Art 
 
Authors: Dietz 
 
Contribution: 
It presents a concept of wet underground combustion and several constraints associated with the 
technology. 
 
Objectives of the paper: 
Investigate previously-established theories of underground combustion. Study the influence of heat 
conduction to the fluid flow and the heat exchange within the formation. 
 
Methodology used: 
The authors started from a paper from Dietz and Wiejdema that reduced the process of wet combustion to 
the barest essentials by applying simplifying assumptions such as: no gravity segregation, no heat 
exchange with cap and base rock, and no heat conduction in the direction of flow. 
 
Moving forward from that stage, the author tried to investigate the effects of those assumptions on several 
aspects of the fluid flow. Influence of heat conduction in the direction of flow was discussed and so was 
the influence of heat exchange between reservoir and cap and base rock. The author also attempted to 
generalise the understanding of the concept by investigating the oxidation rate of the oil and aspects of 
fluid flow. 
 
The author presented several field pilot tests, namely Schoonebeek and East Tia Juana. From these pilot 
tests, it is concluded that there is a certain trend in the water/air injection ratio. The author also discussed 
several technical problems that may arise such as formation plugging, well damage, and ignition. 
 
Conclusions: 
1. Injection costs are sufficiently low for wet combustion to be competitive with other thermal drive 
processes, if we assume no costs for water injection. 
2. The optimum water/air injection ration should be higher than those tested so far. 
3. Corrosion is the main problem in wet combustion. In properly selected reservoirs and with the 
necessary precautions the corrosion could well be kept within acceptable limits. 
4. Some reservoirs may have to be excluded from wet combustion because of the danger of 
formation plugging. 
5. In thin layers the heat losses from hot water or steam drive are relatively high. In those cases wet 
combustion may be the only thermal drive process that has a change of being economic. 
6. Comments: 
7. This paper is the pioneer in wet underground combustion technology and heavy oil processing in 
general. 
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SPE 6894 (1977) 
Effect of Grid Size in the Compositional Simulation of CO2 Injection 
 
Authors: Camy and Emanuel 
 
Contribution: 
It proposes a method to reduce grid size sensitivities in compositional simulation by introducing pseudo-
K values and pseudo relative permeabilities. 
 
Objectives of the paper: 
Investigate the grid size sensitivities in compositional simulation. Study a method to alleviate the grid 
size problem. 
 
Methodology used: 
The author mentioned that among many parameters that control dispersion and mixing problems, cell size 
is one of the most important. According to the author, there are three most important things that cause 
simulation results to vary with cell size: (1) numerical dispersion, (2) nonlinearity of the flash equation, 
and (3) non-linear dependence of saturation and total mobility. 
 
The study was started by running a series of linear models to determine the cell size of the fine grid 
model. The term ‘linear’ means a 1D horizontal model without dip and with all cells having the same 
size. Afterwards, the author developed a series of pseudo relative permeability curves from the fine grid 
for each phase and each component. These curves will adapt the water saturation and the hydrocarbon 
component concentration profiles to a much coarser grid. Then, a series of pseudo K-values was derived 
to reproduce the phase saturations. 
 
Conclusions: 
1. The reliability of finite difference compositional simulators is very sensitive to cell size selection. 
2. The use of pseudo relative permeability curves and pseudo K-values can effectively reduce grid 
size sensitivity in compositional simulation. 
3. These techniques will yield more reliable results and extend the simulation capabilities of the 
compositional simulator by making it possible to simulate a larger area while using fewer grid 
points. 
 
Comments: 
This study is very important as it defines the basic causes of errors due to different sizing of grid blocks 
in compositional/thermal simulations.  
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SPE 8394 (1980) 
In-Situ Combustion Model 
 
Authors: Coats 
 
Contribution: 
It presents a new numerical model for in-situ combustion, highlighting the versatility of the model for wet 
or dry, forward or reverse combustion in one, two or three dimensions. 
 
Objectives of the paper: 
Describe a numerical model for simulating wet or dry, forward or reverse combustion in one, two or three 
dimensions. Present a generalised formula that allows any number and identities of components in the 
simulation. 
 
Methodology used: 
The authors compare different models established from previous researches and extend the generality of 
the models while preserving or reducing the associated computing-time requirement. General 
comparative study of previous models is conducted to find the limitations of each model. An implicit 
model is formulised and approached by mass balance equations, energy balance equations, saturation 
constraint and mole fraction constraints. The model is tested with independent experiments, each having 
its own significant characteristics, and sensitivity analysis is conducted. 
 
Conclusions: 
1. The formulation described is more general than previously described models; the number and 
identities of components, number of reactions, products, and stoichiometry are not limited but 
rather specified through input data. 
2. The formulation treats vaporisation/condensation phenomena with maximum flexibility by 
allowing any component distributed among all phases. 
3. The formulation is applicable to thermal problems ranging from single-component geothermal 
problems to multicomponent steamflood and in-situ combustion problems. 
4. The formulation is implicit, hence decreases computing expenses when being rendered. 
5. Model results agree moderately with experimental results from two independent published 
laboratory adiabatic-tube studies. 
 
Comments: 
Although the paper was not the first study into in-situ combustion modelling, it succeeded in formulating 
a new generalised model for variety of cases. In addition to its versatility, the formula is implicit hence 
decreases computing expenses when being rendered. 
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SPE 9994 (1983) 
Current In-situ Combustion Technology  
 
Authors: Chu 
 
Contribution: 
It presents a methodological review to show why combustion is to be chosen as primary-, secondary-, or 
tertiary-recovery process. 
 
Objectives of the paper: 
Discuss why combustion is chosen as a recovery method. Investigate laboratory experimentation and 
numerical modelling in support of field projects. Discuss monitoring and coring programs. Present 
several new frontier areas with regards to in-situ combustion technology. 
 
Methodology used: 
The paper is a sequel the author’s recent state-of-the-art review of fireflood field project and discusses 
topics on current combustion technology that were not covered in that review. It discusses the advantages 
of in-situ combustion being a primary recovery process in oilfield management. The author also conducts 
laboratory experiments and numerical modelling in support of field projects. 
 
The author also reviews several well patterns and configurations, namely inverted nine-spot patterns, 
inverted seven-spot patterns, unconfined inverted five-spot patterns, down-the-centre line of injectors, 
single well injection, up-dip and crest injection, repeated five-spot patterns, line drive, peripheral flood 
and end-to-end flood. The author also reviews monitoring and coring programs, discusses new areas such 
as in-situ combustion of tar sands and coal, use of flue gas, and use of pure oxygen or enriched air. 
 
Conclusions: 
1. In-situ combustion is feasible to be implemented as primary, secondary, and tertiary recovery 
process depending upon the characteristics of the oilfields. 
2. There are several developments in in-situ combustion technology and its area of application has 
been expanded to other energy resources than oil. 
3. In-situ combustion of tar sands, in-situ combustion of coal, utilisation of flue gas, and use of pure 
oxygen or enriched air are few examples of potential developments of the technology. 
 
Comments: 
The paper provides some insights to the advancement of in-situ combustion and its potential utilisation in 
different energy resources. 
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SPE 10764 (1983) 
A Sensitivity Study on the Effect of Parameters on Results from an In-Situ Combustion Simulator 
 
Authors: Anis, Hwang, and Odeh 
 
Contribution: 
It presents an insight to the modelling of in-situ combustion by determining the most sensitive parameters 
of the simulation which have the maximum influence on the results. 
 
Objectives of the paper: 
Study the sensitivity of results of in-situ combustion by varying certain parameters and monitor the 
effects on the output results. Discuss some possible method to overcome some of the difficulties in in-situ 
combustion simulation. 
 
Methodology used: 
A finite-difference, kinetic-based, in-situ combustion simulator war used to study the sensitivity of the 
simulation results to kinetic parameters, block size, dimensions, number of reactions, activation energy, 
and injection rate. About 50 dry-combustion runs were made using the model in one-, two-, and three-
dimensional models. The output results were cumulative oil production, oxygen consumption, peak 
temperature, injection bottomhole pressure (BHP), WOR, GOR, fuel consumptions, heat-release from 
reactions, and saturation distribution. 
 
Conclusions: 
1. Block size and dimensions, which have a strong bearing on the calculation of the convention 
effects, have the maximum influence on the results. 
2. Very large block size could inhibit the initiation of combustion. 
3. Heavy oil oxidation (burning) reaction is the dominant reaction of the process. 
 
Comments: 
The paper provides valuable information with regards to modelling of in-situ combustion as it discovers 
that grid blocks sizes effect is the most sensitive parameter and kinetic parameter effects were not as 
significant as previously thought. 
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SPE 16027 (1987) 
Simulation of Laboratory In-Situ Combustion Data and Effect of Process Variations 
 
Authors: Kumar 
 
Contribution: 
It presents an investigation and sensitivity analysis of different parameters in in-situ combustion 
simulation. 
 
Objectives of the paper: 
The objectives of this study are to: (1) validate the simulator by history matching combustion tube data 
for a 26◦ API crude oil and crushed Berea sandstone, (2) identify important input parameters that affect 
the predicted results and investigate the effect of uncertain input parameters, (3) determine the effects of 
oxygen injection, wet combustion, and variation in injection rates on predicted results. 
 
Methodology used: 
The author started the study by creating a linear elemental combustion tube model to represent a small 
full-scale section of the reservoir. The model was simulated with ISCOM, a fully-implicit combustion 
and steamflood simulator. The tube was divided into 12 grid blocks for the base case. The centre of each 
grid block coincided with the thermocouple locations in the experimental setup. The reaction kinetics was 
represented by three pseudo-components: (1) heavy oil, (2) light oil, and (3) coke. 
 
The results were then history-matched by varying the relative permeability values. Afterwards, the effect 
of various important input parameters on the predicted results was investigated by conducting a number 
of sensitivity studies by systematically varying the parameters. The parameters studied included grid 
block size, sand thermal conductivity, number of cracking reactions, and the phase equilibrium K-values. 
 
Conclusions: 
1. Results were not very sensitive to the kinetics of combustion, grid size (when grid size was in the 
order of one inch), sand thermal conductivity, and equilibrium coefficient of the heavy-oil 
pseudo-component. 
2. Results were sensitive to relative permeability, capillary pressure near the irreducible water 
saturation, and a decrease in the equilibrium coefficient of the light-oil component. 
3. Injection of oxygen instead of air (for nearly the same combustion front velocity) caused a 
significant increase in the fuel consumption and peak temperature. 
4. The fuel consumption for oxygen injection was dependent on whether CO2 in the produced flue 
gas was considered non-condensable or miscible in the crude oil. This suggests a need for 
accurate representation of the crude oil swelling and viscosity reduction effects caused by high 
CO2 concentration. 
5. The velocity of the combustion front was proportional to the air flux at the combustion front, 
except at very high injection rates. This implies that at field-like injection rates, the combustion 
process is air/oxygen flow rate controlled. 
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SPE 16740 (1990) 
New Insights into Enriched-Air In-Situ Combustion 
 
Authors: Moore, Bennion, Belgrave, Gie and Ursenbach 
 
Contribution: 
It presents new insights into enriched-air in-situ combustion from conducting several combustion-tube 
experiments performed on core from Anthabasca oil sands deposit. 
 
Objectives of the paper: 
Discuss enriched-air (95% oxygen) in-situ combustion tests conducted on Anthabasca Oil Sands 
reservoir. Evaluate the burning characteristics of enriched air at pressures up to 5520 kPa. 
 
Methodology used: 
The authors conducted 10 enriched-air in-situ combustion-tube tests performed on core from the 
Athabasca oil sands deposit. In the paper, the authors discuss the experiment results such as combustion 
performance, temperature profile, oxygen storage, observed storage, and combustion mechanisms.  
 
Conclusions: 
1. Overall oxygen and fuel requirement parameters for enriched-air tests are dependent on total 
pressure. 
2. Because of the direct effect of total pressure and total gas-injection flux on oxygen storage, the 
oxygen flux at the burn front will be significantly lower for enriched-air combustion compared 
with normal-air combustion when the tests are conducted at equivalent injection oxygen fluxes 
and pressures. 
3. Significant oxygen storage was observed in the unswept oil saturation downstream of the 
combustion front. Oxygen consumption by low-temperature oxidation reactions is the prime 
storage mechanism in this region. 
4. Water injection increases the overall oxygen storage above what would be observed if the test 
were dry. This results mainly from the reduction of the temperature in the swept zone. 
5. The oxygen requirement during super-wet combustion at 5520 kPa was greater than that for the 
corresponding dry test, and the residual coke remaining in the swept zone was essentially equal to 
the fuel requirement of a dry-combustion test. 
 
Comments: 
The paper provides important insights to the development of heavy oil processing particularly the 
enriched-air air in-situ combustion. It explains several important parameters such as oxygen and fuel 
requirement, oxygen storage, and water injection rate. 
  
Investigation of Grid Block Size Effects in In-Situ Combustion Simulation 25 
SPE 24175 (1992) 
A Procedure for Scaling Heavy-Oil Combustion Tube Results to a Field Model  
 
Authors: Marjerrison and Fassihi 
 
Contribution: 
It presents a new method of history-matching the results of a semi-adiabatic combustion tube experiment 
and scaling them to a form that can be used for field simulation. 
 
Objectives of the paper: 
Present a new method of history-matching that can be used for field simulation. Discuss the shortcomings 
of the current thermal simulators and suggest the remedies. 
 
Methodology used: 
The authors present three previously proposed methods and contrast their shortcomings: using a moving 
fine mesh for simulating the combustion front, using an artificial parameter called activation temperature 
in conjunction with Arrhenius terms in oil oxidation reactions, and modifying kinetic parameters of 
reactions. 
 
The starting point of the work was modelling the combustion tube run. Fields elements are later 
incorporated and this starts with inspecting the model to find its most sensitive parameter. Parameters 
such as thickness of burnt zone, fuel consumption and heat loss are then investigated. A field model is 
constructed by modifying several elements such as reservoir coking reaction, light oil dilution, and fuel 
variation with flux. The model is tested and the result is discussed. 
 
Conclusions: 
1. A procedure is presented for scaling the results of a combustion tube history match to field 
conditions. This procedure is independent of the number of reactions or components. 
2. The dominant heat transfer mechanism in a tube run is not necessarily the same as that in a field 
model. At field fluxes, heat conduction seems to control the fuel lay-down. 
3. Heat losses from a combustion tube must be accounted for during history matching. 
4. Additional laboratory data on the subject oil and/or core could have helped in obtaining a unique 
tube history match. 
 
Comments: 
This paper provides a new procedure for scaling the results of a combustion tube history matching which 
can save significant CPU time during the field scale simulation. This is not an easy task due to the sharp 
fonts in the process and the large grid block in the field models. 
  
26 Investigation of Grid Block Size Effects in In-Situ Combustion Simulation 
SPE 59334 (2000) 
Recent Laboratory Results of THAI and its Comparison with Other IOR Processes  
 
Authors: Greaves, Xia, Turta and Ayasse 
 
Contribution: 
It presents a new method of in-situ combustion application (THAI: Toe-to-Heel Air Injection) which 
creates unique operating conditions in the reservoir that have special advantages for heavy oil recovery. 
 
Objectives of the paper: 
Present Toe-to-Hell Air Injection as an alternative method for heavy oil processing. Investigate the main 
driving force in THAI and compare the new method with existing methods by highlighting the significant 
advantages.  
 
Methodology used: 
A series of three-dimension experiments was conducted with two cases being the most important ones: 
dry and west combustion test. Results are examined to capture the ability of THAI method in preserving 
the full extent of thermal upgrading produced by thermal cracking and distillation. The authors compare 
THAI with existing methods in in-situ combustion, namely SAGD (steam-assisted gravity drainage) and 
VAPEX (vapour extraction) by contrasting the advantages and drawbacks of each method.  
 
Conclusions: 
1. THAI is a highly efficient method of heavy oil recovery with 85% OOIP recovery factor making 
it attractive for either primary production or as a follow-up in partially depleted reservoir. 
2. Thermal sweep is the main driving force for heavy oil recovery, assisted by forced flow into the 
horizontal producer well. 
3. Thermal cracking plays an essential part in the THAI process to maintain stable combustion, 
achieving high oil recovery and upgrading of heavy oil. 
4. The unique ‘narrow mobile zone’ created ahead of the combustion front ensures that thermal 
upgrading of the heavy oil is preserved. 
 
Comments: 
This paper provides some advancement in heavy oil processing. The new method, THAI, has an 
advantage of providing more robust process, vis-à-vis reservoir heterogeneities, leading to higher ultimate 
oil recovery. 
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SPE 93372 (2005) 
Upscaling and Discretization Errors in Flow Simulation  
 
Authors: Sablok and Aziz 
 
Contribution: 
It presents an in-depth study of upscaling and discretisation errors in reservoir simulation by finding 
prominent sources of errors and ways to mitigate them. 
 
Objectives of the paper: 
Understand interaction of gridding and upscaling errors to build reliable simulation models.  
 
Methodology used: 
Investigate errors introduced in purely local single phase upscaling: total upscaling errors, discretisation 
errors and errors due to loss of heterogeneity. Their behaviours as a function of the level of upscaling 
were studied for different types of permeability distributions.  
 
The uncertainty introduced in the flow results due to the upscaling errors was studied in conjunction with 
the uncertainty incorporated through the introduction of geological variability in the ensemble of 
geological models. The behaviour of upscaling errors and geological variability as a function of level of 
upscaling was studied and its possible impact on important reservoir management decisions was 
analysed. 
 
Conclusions: 
1. For purely local single-phase upscaling, comparison of statistics of the upscaled permeabilities 
and the reference permeabilities using variograms and QQ plot can give useful information for 
determining suitable upscaling level. 
2. Total upscaling errors are a combination of errors due to loss of heterogeneity and discretization 
errors. 
3. Total upscaling error and the error due to loss of heterogeneity increase with increasing layering 
in the permeability distribution. 
 
Comments: 
This paper provides ways how to treat upscaling errors and mitigate them. Total upscaling errors, being a 
combination of errors due to loss of heterogeneity and discretization errors, may vary depending upon the 
level of upscaling. In some cases, its constituents may oppose each other thus results low total upscaling 
errors and in other cases one of the constituents may gain more significance. 
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Appendix B: Oscillatory Behaviour in Reaction Rates 
 
 
 
This method was proposed to alleviate the oscillatory behaviour in the reaction rates. As explained in the 
main body of the report, oscillations may be due to variations of oxygen consumption level in different 
sizes of grid blocks. The amount of oxygen taking part in a reaction can then be limited hence limiting the 
rate of the reaction. We introduce the term α as the ratio of the total unconsumed oxygen to the total 
consumed oxygen at a timestep in an ideal super-fine grid simulation. One unit of consumed oxygen 
leaves α unit of unconsumed oxygen behind. 
 
oxygenconsumed
oxygenunconsumed

 
 
The equation of the oxidation reaction is modified to incorporate this term by ‘adding’ the unconsumed 
oxygen to both sides of the equation. Although this modification alone is meaningless because reaction 
rate does not depend on coefficients, it is implemented in order to stress out that some oxygen is left 
unconsumed. 
 Oil + (1 + α) O2  →  CO2 + H2O + α O2 
 
The reaction rate equation, however, is critical and needs to be modified. The reaction rate should depend 
on the concentration of ‘dedicated’ oxygen instead of the total oxygen concentration available in the grid 
block. The general equation for oxygen consumption rate is given in below. 
 
nm OOilk
dt
Od
][][
][
2
2 
 
 
According to the assumptions made when designing the reaction set, the orders of the reaction are one (m 
= n = 1). Because the reaction rate is now dependent on the concentration of ‘dedicated’ oxygen, the 
equation becomes: 
 
]][[
1][
2
2 OOilk
dt
Od


 
 
This workaround can be implemented in simulators by dividing the Arrhenius constant, A, which is one 
of the constituents of k, with α, creating a modified Arrhenius constant. This method has to be tested in 
further studies. 
 
Nomenclature 
α  ratio of unconsumed O2 to consumed O2 n reaction order with respect of O2 partial pressure 
k reaction constant t time 
m reaction order with respect of oil concentration   
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Appendix C: Descriptions of Datasets 
 
 
 
The models constructed in this study performed thermal simulations using ECLIPSE 300 Simulator. The 
complete datasets for this study are provided in the project CD.  
 
Grid 
To capture gravity and segregation effects in 2D and 3D models, the combustion tube was modelled and 
laid horizontally with an injection well at one end and a producing well at the other end. The dimensions 
of the models are described in detail in the main report. The study was started with a base case 1D model, 
having 103 grid blocks in the X-direction. In the 1D study, the number of grid blocks was varied from 11 
to 5003 blocks. In the 2D study, the model was refined in terms of vertical layering, varied from 2 to 50 
vertical layers. In the 3D study, the model was refined in the Y-direction, in 5 and 7 grid blocks. 
 
Fluid Model and Rock Curves 
Compositional fluid model was used and generated using default correlations available in the software. 
Equilibrium conditions were enumerated in the beginning of the simulation. The oil-water and oil-gas 
relative permeability data were taken from laboratory experiments with some extrapolation points added. 
This is explained in Appendix D. 
 
Production/Injection Scenario 
As described in the main body of the report, air, containing 80% nitrogen and 20% oxygen, was injected 
into the combustion tube at a constant rate of 0.17 Mscf/D. The bottomhole pressure of the producing 
well was controlled at 500 psia. To initiate the combustion reactions, heat injection was simulated in the 
beginning of the simulation. The total amount of heat injected into the combustion tube was 5,000 Btu/D. 
 
Simulation Considerations 
To simulate heat losses that occur in in-situ combustion, overlying and underlying formation were added 
to the model. Thermal conductivity of these rock formations was assumed to be 5 Btu/ft-day-°F. The 
volumetric capacity of these formations was assumed to be 5 Btu/cuft-°F 
 
An in-situ combustion simulation needs extremely tight numerical convergence criteria and time stepping 
criteria for correct numerical simulation. Pressure convergence was set at ∆p = .005 psia, concentration 
convergence was set at ∆c = .00005 lb-mole/cuft, and temperature convergence was set at ∆T= 0.05 ◦F. 
Maximum number of non-linear Newton iterations was set at 50. Minimum and maximum timestep were 
1 x 10
-8
 day and 0.001 day, respectively.  
 
All simulations were built in ECLIPSE 2010.1 and run in a HP 512 CPU Nehalem-based cluster with 
four processor cores running concurrently. CPU times for the simulation models varied from 7 seconds to 
3.6 days, depending on the complexity of the simulation model. One example of a dataset file is shown 
on the subsequent page. 
 
  
30 Investigation of Grid Block Size Effects in In-Situ Combustion Simulation 
Data File Example (103 x 1 x 1 Model) 
------------------------------------------------------------------------------------     
RUNSPEC   
------------------------------------------------------------------------------------     
PARALLEL 
4 / 
 
FIELD 
 
JALS 
2 / 
 
DIMENS 
103 1 1 / 
 
COMPS 
6 / 
 
UNIFOUT 
 
WATER 
 
THERMAL 
 
SOLID  
 
WELLDIMS     
1* 180 7* 180 /       
 
REACTION 
4 / 
 
START 
01 JUL 2010 / 
 
HEATDIMS 
5 / 
 
ROCKDIMS 
1 1* 2 / 
 
ACTDIMS 
2 50 132 3 / 
 
TABDIMS 
2 / 
 
------------------------------------------------------------------------------------     
GRID      
------------------------------------------------------------------------------------     
INIT                
 
TOPS                
103*0 /        
 
DX                 
1*0.058 4*0.058 97*0.058 1*0.058 /           
  
DY                 
103*0.29 /           
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DZ                  
103*0.29 /          
 
PORO            
103*0.3545 /      
 
PERMX           
103*30000.0 / 
 
PERMY           
103*30000.0 / 
 
PERMZ           
103*3000.0 / 
 
ROCKPROP 
--ID  T    Cond. VolCp. 
  1   122  5     5     / 
/ 
 
ROCKCON 
--ID  I-  I+   J-  J+  K-  K+  face 
  1   1   103  1   1   1   1  'K-'  / 
  1   1   103  1   1   1   1  'K+'  / 
/ 
 
THCONR 
103*20.0 / 
 
HEATCR 
103*20 /  
 
------------------------------------------------------------------------------------     
EDIT 
------------------------------------------------------------------------------------     
------------------------------------------------------------------------------------     
PROPS 
------------------------------------------------------------------------------------     
INCLUDE 
RELPERM.INC / 
 
FILLEPS 
 
STONE2 
 
CNAMES 
             "HEAVY"      "LIGHT"     "COKE"     "O2"      "CO2"     "N2"     /  
CVTYPE 
              DEAD         LIVE        SOLID      GAS       GAS       GAS     / 
CVTYPES 
              DEAD         LIVE        SOLID      GAS       GAS       GAS     / 
MW 
              528.5        248.0       13.0       32        44        28.013  /    
PCRIT                                                                            
              98.75        264.0       1*         730       1073.0    493.11  /   
TCRIT                                                                            
              3917.14      1867.96     1*         277.9     547       227.07  /   
DREF                                                                             
              63.68        1*          1*         1*        1*        0.07398 /   
PREF 
              1*           1*          1*         1*        1*        1*      / 
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TREF                                                                          
              1*           1*          1*         1*        1*        1*      /  
CREF                                                                            
              1.0E-5       1*          1*         1*        1*        1*      /   
THERMEX1                                                                        
              3.8E-4       1*          1*         1*        1*        1*      /   
SDREF                                                                             
              1*           1*          80.0       1*        1*        1*      /   
SPECHA 
              0.5248       0.6097      1*         1*        1*        0       /   
SPECHB                                                                             
              3.547E-4     3.547E-3    1*         1*        1*        0       /   
SPECHG                                                                              
              0.25         0.24        0          0.24      0.25      0.249   /   
SPECHS 
              1*           1*          0.3        1*        1*        0       /   
HEATVAPS 
              866          413         0.00       0.00      0.00      0       /   
 
KVCR 
0        0        0        0       0 
0  1.307E5        0        0        0 
0        0        0        0        0 
0  3.370E3        0        0        0 
0  4.529E1        0        0        0  / 
 
OILVISCT 
-- T(F) "HEAVY"    "LIGHT"     "COKE"     "O2"        "CO2"      "N2"  
   40    3311      3311         0.01       0.01        0.01       0.01     
   137   3311      3311         0.01       0.01        0.01       0.01     
   140   2869      2869         0.01       0.01        0.01       0.01     
   160   1144      1144         0.01       0.01        0.01       0.01     
   180   483       483          0.01       0.01        0.01       0.01     
   200   232.5     232.5        0.01       0.01        0.01       0.01     
   210   164       164          0.01       0.01        0.01       0.01     
   225   105.9     105.9        0.01       0.01        0.01       0.01     
   250   53.27     53.27        0.01       0.01        0.01       0.01     
   300   15.43     15.43        0.01       0.01        0.01       0.01     
   350   5.207     5.207        0.01       0.01        0.01       0.01     
   400   1.994     1.994        0.01       0.01        0.01       0.01     
   450   0.8487    0.8487       0.01       0.01        0.01       0.01     
   500   0.3948    0.3948       0.01       0.01        0.01       0.01     
   550   0.1981    0.1981       0.01       0.01        0.01       0.01     
   600   0.1061    0.1061       0.01       0.01        0.01       0.01     
   615   0.089     0.089        0.01       0.01        0.01       0.01     
   650   0.089     0.089        0.01       0.01        0.01       0.01     
   700   0.089     0.089        0.01       0.01        0.01       0.01     
-- Extrapolated with Excel 
-- 3000  0.010     0.00010      1          1   
/ 
 
GASVISCT 
-- T(F)  "HEAVY"    "LIGHT"     "COKE"     "O2"        "CO2"      "N2"  
   137   0.015376   0.015376    0.015376   0.015376    0.015376   0.015376   
   210   0.016918   0.016918    0.016918   0.016918    0.016918   0.016918   
   615   0.025471   0.025471    0.025471   0.025471    0.025471   0.025471   
-- Extrapolated with Excel 
   1000  0.0325     0.0325      0.0325     0.0325      0.0325     0.0325 
   2000  0.0525     0.0525      0.0525     0.0525      0.0525     0.0525 
   3000  0.0725     0.0725      0.0725     0.0725      0.0725     0.0725 
/ 
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WATVISCT 
-- T(F)   WATER 
   40     1.5481 
   60     1.1211 
   80     0.8602 
   100    0.6824 
   120    0.5625 
   140    0.4715 
   160    0.4012 
   180    0.3475 
   200    0.3061 
   225    0.2623 
   250    0.2312 
   300    0.1862 
   350    0.1572 
   400    0.1365 
   450    0.1200 
   500    0.1076 
   550    0.0952 
   600    0.0869 
   650    0.0792 
   700    0.072918 
-- Extrapolated with Excel 
   800    0.063996748 
   900    0.056145518 
   1000   0.049943465 
   1200   0.04078849 
   1400   0.034373078 
   1600   0.029639441 
   1800   0.02600982 
   2000   0.023142613 
   2200   0.020823234 
   2400   0.018910273 
   2600   0.017306851 
   2800   0.01594443 
   3000   0.01477319 
/ 
 
STCOND 
--Temp   Pressure 
  60     14.7 / 
 
STOREAC 
-- HEAVY  LIGHT   COKE   O2     CO2   N2   WATER 
   1      0       0      13.125 0     0    0     / reaction 1 
   0      1       0      5      0     0    0     / reaction 2 
   1      0       0      0      0     0    0     / reaction 3 
   0      0       1      1.25   0     0    0     / reaction 4 
 
STOPROD 
-- HEAVY  LIGHT   COKE   O2     CO2   N2   WATER 
   0      0       0      0      14.5  0    17.25 / reaction 1 
   0      0       0      0      6     0    8     / reaction 2 
   0      2       2.5    0      0     0    0     / reaction 3 
   0      0       0      0      1     0    0.5   / reaction 4 
 
REACRATE 
   1.0E6     1.0E6      0.5E6        1.0E6                   / reaction 1, 2, 3, 4 
 
REACACT 
   33300     20000      22000        23400                   / reaction 1, 2, 3, 4 
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REACENTH 
   2.49E+06  6.77E+05   1.43E+04     1.61E+05                / reaction 1, 2, 3, 4 
 
REACPHA 
-- HEAVY  LIGHT   COKE   O2     CO2   N2   WATER 
   OIL    1*      1*     GPP    1*    1*   1*    / reaction 1 
   1*     OIL     1*     GPP    1*    1*   1*    / reaction 2 
   OIL    1*      1*     1*     1*    1*   1*    / reaction 3 
   1*     1*      ALL    GPP    1*    1*   1*    / reaction 4 
 
REACCORD 
-- HEAVY  LIGHT   COKE   O2     CO2   N2   WATER 
   1      0       0      1      0     0    0     / reaction 1 
   0      1       0      1      0     0    0     / reaction 2 
   1      0       0      0      0     0    0     / reaction 3 
   0      0       1      1      0     0    0     / reaction 4 
 
ZI 
-- HEAVY  LIGHT   COKE   O2     CO2   N2    
   1      0       0      0      0     0          / 
 
------------------------------------------------------------------------------------     
REGIONS 
------------------------------------------------------------------------------------     
EQUALS 
SATNUM  2 1 5    1 1 1 1 / 
SATNUM  1 6 103  1 1 1 1 / 
/ 
 
------------------------------------------------------------------------------------     
SOLUTION 
------------------------------------------------------------------------------------     
TEMPI 
103*122 / 
 
PRESSURE 
103*970 / 
 
SOIL 
103*0.60864 / 
 
SGAS 
103*0.23050 / 
 
SSOLID 
103*0 / 
 
XMF 
103*1.0 103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 / 
 
YMF 
103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 103*1.0 103*0.0 / 
 
SMF 
103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 103*0.0 / 
RPTSOL 
SOLVD TEMP PRESSURE SSOLID SOIL SGAS SWAT MLSC TEMP HOIL HSOL XMF YMF / 
 
RPTRST 
PRESSURE SSOLID SOIL SGAS SWAT MLSC TEMP REAC HOIL HSOL XMF YMF ZMF VOIL VGAS VWAT  
KRO KRW KRG PCOW PCOG / 
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------------------------------------------------------------------------------------     
SUMMARY 
------------------------------------------------------------------------------------     
RPTONLY 
ALL 
 
FREAC 
1 2 3 4 / 
 
WXMF 
PROD 1 / 
PROD 2 / 
PROD 3 / 
PROD 4 / 
PROD 5 / 
PROD 6 / 
PROD 7 / 
/ 
 
WYMF 
PROD 1 / 
PROD 2 / 
PROD 3 / 
PROD 4 / 
PROD 5 / 
PROD 6 / 
PROD 7 / 
/ 
 
WZMF 
PROD 1 / 
PROD 2 / 
PROD 3 / 
PROD 4 / 
PROD 5 / 
PROD 6 / 
PROD 7 / 
/ 
 
WBHP 
/ 
 
FOPR 
FGPR 
FWPR 
FGIR 
FWIR 
FOPT 
FGPT 
FWPT 
FGIT 
FWIT 
FREAT 
/ 
 
BPRES 
  1   1 1 / 
  52  1 1 / 
  103 1 1 / 
/ 
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BTEMP 
  1   1 1 / 
  52  1 1 / 
  103 1 1 / 
/ 
 
FHTR 
FHTT 
PERFORMA 
RUNSUM 
 
------------------------------------------------------------------------------------     
SCHEDULE  
------------------------------------------------------------------------------------     
RPTSCHED 
FIP=1   / 
 
CVCRIT 
.005 50 4* .00005 0.05 / 
 
TSCRIT 
1.0E-8 1.0E-9 / 
 
TUNING 
1* 0.001 8* / 
14* 
10* / 
/ 
 
WELSPECS 
INJE 1* 1   1 1* GAS / 
PROD 1* 103 1 1* OIL / 
/ 
 
COMPDAT 
-- WELL  I    J  K1 K2 
   INJE  1    1  1  1 OPEN 1* 1 / 
   PROD  103  1  1  1 OPEN 1* 1 / 
/ 
 
WCONPROD 
  PROD OPEN BHP 5* 500 / 
/ 
 
WELLSTRE 
--        HEAVY  LIGHT   COKE   O2     CO2   N2      
  AIR     0.0    0.0     0.0    0.2    0.0   0.8   / 
  NIT     0.0    0.0     0.0    0.0    0.0   1.0   / 
/ 
TSTEP 
10*0.01 / 
 
WCONINJE 
--                   RATE    BHP 
  INJE GAS OPEN RATE 0.17 1* 2000 / 
/ 
 
WINJGAS 
  INJE STREAM AIR / 
/ 
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WINJTEMP 
--        T   P 
  INJE 1* 122 970 / 
/ 
 
HEATER 
HEAT1 1 1 1 1000 2* / 
HEAT2 2 1 1 1000 2* / 
HEAT3 3 1 1 1000 2* / 
HEAT4 4 1 1 1000 2* / 
HEAT5 5 1 1 1000 2* / 
/ 
 
TSTEP 
40*0.01 / 
 
WCONINJE 
--                   RATE    BHP 
  INJE GAS OPEN RATE 0.17 1* 2000 / 
/ 
 
WINJGAS 
  INJE STREAM AIR / 
/ 
 
WINJTEMP 
--        T   P 
  INJE 1* 122 970 / 
/ 
 
HEATER 
HEAT1 1 1 1 0 2* / 
HEAT2 2 1 1 0 2* / 
HEAT3 3 1 1 0 2* / 
HEAT4 4 1 1 0 2* / 
HEAT5 5 1 1 0 2* / 
/ 
 
TSTEP 
100*0.005 / 
 
END 
 
 
 
 
 
------------------------------------------------------------------------------------ 
-- Filename: RELPERM.INC 
------------------------------------------------------------------------------------
SWOF 
--SW      KRW      KRO     PCOW 
  0.1516  0.000    1.00    0.00 
  0.30    0.005    0.811   0.00 
  0.35    0.020    0.641   0.00 
  0.40    0.045    0.491   0.00 
  0.45    0.080    0.361   0.00 
  0.50    0.125    0.251   0.00 
  0.55    0.180    0.161   0.00 
  0.60    0.245    0.091   0.00 
  0.65    0.320    0.041   0.00 
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  0.70    0.405    0.011   0.00 
  0.75    0.500    0.00    0.00 
  0.80    0.605    0.00    0.00 
  0.85    0.720    0.00    0.00 
  0.90    0.845    0.00    0.00 
  0.95    0.980    0.00    0.00 
  1.00    1.000    0.00    0.00  / 
 
  0.0     0.000    1.00    0.00 
  0.30    0.005    0.811   0.00 
  0.35    0.020    0.641   0.00 
  0.40    0.045    0.491   0.00 
  0.45    0.080    0.361   0.00 
  0.50    0.125    0.251   0.00 
  0.55    0.180    0.161   0.00 
  0.60    0.245    0.091   0.00 
  0.65    0.320    0.041   0.00 
  0.70    0.405    0.011   0.00 
  0.75    0.500    0.00    0.00 
  0.80    0.605    0.00    0.00 
  0.85    0.720    0.00    0.00 
  0.90    0.845    0.00    0.00 
  0.95    0.980    0.00    0.00 
  1.00    1.000    0.00    0.00  / 
 
SGOF 
--SG      KRG      KROG    PCOG 
  0     0        1.000   0.00 
  0.05    0        0.855   0.00 
  0.1     0        0.721   0.00 
  0.15    0        0.598   0.00 
  0.23    0        0.445   0.00 
  0.264   0.068    0.387   0.00 
  0.316   0.182    0.299   0.00 
  0.358   0.281    0.222   0.00 
  0.4     0.367    0.156   0.00 
  0.45    0.465    0.102   0.00 
  0.5     0.574    0.060   0.00 
  0.55    0.694    0.029   0.00 
  0.6     0.826    0.009   0.00 
  0.65    0.97     0.000   0.00 
  0.8484  1        0.000   0.00  / 
 
  0     0        1.000   0.00 
  0.05    0        0.855   0.00 
  0.1     0        0.721   0.00 
  0.15    0        0.598   0.00 
  0.23    0        0.445   0.00 
  0.264   0.068    0.387   0.00 
  0.316   0.182    0.299   0.00 
  0.358   0.281    0.222   0.00 
  0.4     0.367    0.156   0.00 
  0.45    0.465    0.102   0.00 
  0.5     0.574    0.060   0.00 
  0.55    0.694    0.029   0.00 
  0.6     0.826    0.009   0.00 
  0.65    0.97     0.000   0.00 
  0.8484  1        0.000   0.00  
  1.00    1.000    0.000   0.00  / 
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Appendix D: Viscosity and Relative Permeability Curves 
 
 
 
Viscosity and relative permeability data were taken from laboratory experiments which were conducted 
in Schlumberger Technology Centres. Due to the unavailability of viscosity data of the light-oil 
components of the crude oil, both heavy-oil and light-oil components were assumed to have identical 
viscosities. Oil viscosity data was extrapolated at 3000 °F. Gas viscosity data were extrapolated at 1000 
°F, 2000 °F, and 3000 °F. Water viscosity data were extrapolated at above 800 °F. Figure B.1, Figure 
B.2, and Figure B.3 show the viscosity profiles of oil, gas, and water, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The combustion tube model was divided into two regions, namely Region 1 and Region 2. In a 1D model, 
Region 2 comprised the injection well and four subsequent grid blocks where heat injection was 
simulated. Region 1 covered the producing well and the remaining grid blocks. In a 2D or 3D model, the 
grid blocks were refined in the Y- and Z-directions while keeping the regions intact. Figure D.4, Figure 
D.5, and Figure D.6 show the oil-water relative permeability curve for Region 1, the oil-water 
permeability curve for Region 2, and the oil-gas relative permeability curve for both regions, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure D.1: Oil viscosities at different 
temperature 
Figure D.2: Gas viscosities at 
different temperature 
Figure D.3: Water viscosities at 
different temperature 
Figure D.4: Oil-water relative 
permeability (Region 1) 
Figure D.5: Oil-water relative 
permeability (Region 2) 
Figure D.6: Oil-gas relative 
permeability (Region 1 and 2) 
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Appendix E: Supplementary 1D Simulation Results 
 
 
 
In addition to the 1D models mentioned in the main body of the report, there were three additional 
models investigated during the research, namely the 253 x 1 x 1 model, 1003 x 1 x 1 model, and the 2503 
x 1 x 1 model. All these models were in accordance with the ones reported in the main body and were not 
included due to limited space. A detailed description of the grid sizes and number of grid block used are 
given in Table E.1, including the reported and supplementary models. 
 
Table E.1 Grid Dimensions for 1D Simulations (Reported and Supplementary Models) 
Dimension 
Injector In-between Producer 
∆y (ft) ∆z (ft) 
n ∆x (ft) n ∆x (ft) n ∆x (ft) 
1D Model 
11 x 1 x 1 1 + 4 0.058 5 1.125 1 0.058 0.29 0.29 
21 x 1 x 1 1 + 4 0.058 15 0.375 1 0.058 0.29 0.29 
33 x 1 x 1 1 + 4 0.058 27 0.209 1 0.058 0.29 0.29 
103 x 1 x 1 1 + 4 0.058 97 0.058 1 0.058 0.29 0.29 
253 x 1 x 1 1 + 4 0.058 247 0.023 1 0.058 0.29 0.29 
503 x 1 x 1 1 + 4 0.058 497 0.011 1 0.058 0.29 0.29 
1003 x 1 x 1 1 + 4 0.058 997 0.006 1 0.058 0.29 0.29 
2503 x 1 x 1 1 + 4 0.058 2497 0.002 1 0.058 0.29 0.29 
5003 x 1 x 1 1 + 4 0.058 4997 0.001 1 0.058 0.29 0.29 
 
Temperature Profiles in 1D Models 
Figure E.1a – Figure E.1f show temperature profiles in all 1D models. 
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Figure E.1a: Temperature vs. distance 
(11 x 1 x 1) ∆x = 1.125 ft 
Figure E.1b: Temperature vs. distance 
(21 x 1 x 1) ∆x = 0.375 ft 
Figure E.1c: Temperature vs. distance 
(33 x 1 x 1) ∆x = 0.209 ft 
Figure E.1d: Temperature vs. distance 
(103 x 1 x 1) ∆x = 0.058 ft 
Figure E.1e: Temperature vs. distance 
(503 x 1 x 1) ∆x = 0.011 ft 
Figure E.1f: Temperature vs. distance 
(5003 x 1 x 1) ∆x = 0.001 ft 
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Pressure Profiles in 1D Models 
Figure E.2a – Figure E.2i show pressure profiles in all 1D models. 
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Figure E.2a: Pressure vs. time 
(11 x 1 x 1) ∆x = 1.125 ft 
Figure E.2b: Pressure vs. time 
(21 x 1 x 1) ∆x = 0.375 ft 
Figure E.2c: Pressure vs. time 
(33 x 1 x 1) ∆x = 0.209 ft 
Figure E.2d: Pressure vs. time 
(103 x 1 x 1) ∆x = 0.058 ft 
Figure E.2e: Pressure vs. time 
(253 x 1 x 1) ∆x = 0.023 ft 
Figure E.2f: Pressure vs. time 
(503 x 1 x 1) ∆x = 0.011 ft 
Figure E.2g: Pressure vs. time 
(1003 x 1 x 1) ∆x = 0.006 ft 
Figure E.2h: Pressure vs. time 
(2503 x 1 x 1) ∆x = 0.002 ft 
Figure E.2i: Pressure vs. time 
(5003 x 1 x 1) ∆x = 0.001 ft 
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Reaction Rate Profiles in 1D Models 
Figure E.3a – Figure E.3i show profiles of reaction rates in all 1D models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.3a: Reaction rates vs. time 
(11 x 1 x 1) ∆x = 1.125 ft 
Figure E.3b: Reaction rates vs. time 
(21 x 1 x 1) ∆x = 0.375 ft 
Figure E.3c: Reaction rates vs. time 
(33 x 1 x 1) ∆x = 0.209 ft 
Figure E.3d: Reaction rates vs. time 
(103 x 1 x 1) ∆x = 0.058 ft 
Figure E.3e: Reaction rates vs. time 
(253 x 1 x 1) ∆x = 0.023 ft 
Figure E.3f: Reaction rates vs. time 
(503 x 1 x 1) ∆x = 0.011 ft 
Figure E.3g: Reaction rates vs. time 
(1003 x 1 x 1) ∆x = 0.006 ft 
Figure E.3g: Reaction rates vs. time 
(2503 x 1 x 1) ∆x = 0.002 ft 
Figure E.3i: Reaction rates vs. time 
(5003 x 1 x 1) ∆x = 0.001 ft 
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